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The Pseudogap Ground State in High Temperature Superconductors.
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By re-examining recently-published data from angle-resolved photoemission spectroscopy we
demonstrate that, in the superconducting region of the phase diagram, the pseudogap ground state
is an arc metal. This scenario is consistent with results from Raman spectroscopy, specific heat
and NMR. In addition, we propose an explanation for the “Fermi pockets” inferred from quantum
oscillations in terms of a pseudogapped bilayer Fermi surface.
PACS numbers: 74.25.Jb, 74.25.Bt, 74.25.Dw, 74.72.-h
In recent years, the results from a number of ex-
perimental techniques, including heat capacity[1, 2, 3,
4], Andreev reflection[5], Raman spectroscopy[6], angle-
resolved photoemission spectrocopy (ARPES)[7, 8, 9, 10]
and scanning tunelling microscopy (STM)[11], have be-
gun to converge in support of the presence of two distinct
gaps in the low-energy electronic structure of optimal-
and under-doped high-Tc cuprates. These are: the pseu-
dogap which opens in the normal state below a critical
hole doping of about 0.19; and the superconducting gap
which opens at the onset of superconductivity. The pseu-
dogap presents an extra layer of complexity that must be
resolved in the quest to explain the physics of high-Tc su-
perconductors.
In ARPES measurements the pseudogap is apparent as
a depletion of states near the (pi,0) and (0,pi) regions of
the Brillouin zone. As a result, the Fermi surface seems to
consist of a set of disconnected “Fermi arcs”[12]. Below
Tc the superconducting gap opens on the arcs, shroud-
ing their character at zero temperature - the pseudo-
gap ground state - from direct observation. In what has
become an influential paper, Kanigel et al.[13] reported
measurements of the Fermi arc length above Tc as a func-
tion of temperature for various doping levels. Their re-
sults were plotted as a function of reduced temperature
t = T/T ∗ where T ∗ is the temperature above which pseu-
dogap effects are no longer observed in their analysis.
When plotted in this fashion, the Fermi arc length (FAL)
seems to extrapolate linearly to zero at t = 0. Thus, they
suggest that the T = 0 pseudogap state is a nodal liquid,
at all doping levels. Later the same year Valla et al.[14]
reported that in La2−xBaxCuO4 with x = 1/8, where
superconductivity is suppressed by “stripes”, the Fermi
surface consists of four nodal points. If, at this doping,
the ground state pseudogap is exposed then these results
appear to confirm its nodal character.
Such a conclusion would have fundamentally impor-
tant implications for the two scenarios envisaged for the
pseudogap. One views the pseudogap as a competing
order parameter while the alternative is to consider the
pseudogap as a pairing gap arising from a phase inco-
herent pairing state or from real-space local pairs. Here
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FIG. 1: Fermi arc length extracted from the raw data of
Ref. [13] plotted vs temperature. With the exception of the
most underdoped sample, the Fermi arc lengths extrapolate
to finite values at T = 0. Inset: Fermi surface in the 1st
quadrant of the Brillouin zone showing the angle θ.
is the problem: given that the pseudogap energy is usu-
ally observed to exceed the superconducting gap, a nodal
groundstate pseudogap would remove all states available
for superconductivity. The manifest persistence of su-
perconductivity in underdoped cuprates effectively would
eliminate the competing-order-parameter scenario. The
normal-state-pairing scenario alone survives because the
pairs need only become coherent or condense into the
BCS state. The proposed nodal-metal ground state thus
provides an important arbiter of these models.
Recently however, we were able to demonstrate that re-
sults from Raman spectroscopy paint a different picture.
Raman spectroscopy provides a useful tool for studying
energy gaps because the selection of different polariza-
tions allows different regions of the Brillouin zone to be
probed. The Raman data of Le Tacon et al.[6] was used
to test two scenarios for the pseudogap ground state: a
nodal-metal state or an arc-metal state. It was found
that finite FAL’s at zero temperature were required to
reproduce the trend observed in the nodal (B2g) Raman
2response[15, 16]. Two other groups reach the same con-
clusion (that the pseudogap ground state is an arc metal).
Wen et al.[4] use high magnetic fields in La2−xSrxCuO4
to suppress superconductivity and they find a finite non-
zero value of the specific heat coefficient at T = 0, and
Zheng et al.[17] in Bi2Sr2−xLaxCuO6+δ find non-zero
1/T1T values at T = 0, again using high fields to ex-
pose the pseudogap ground state. Both of these indicate
a finite residual density of states at T = 0 consistent with
an arc metal. In the following we seek to reconcile these
apparently conflicting findings.
Because Kanigel et al. arrive at their important con-
clusions by plotting the FAL vs T/T ∗, we simply replot
the data in terms of absolute temperature from the raw
data shown in Figure 4a of their paper[13]. The result-
ing plot (see Fig. 1) shows that, with the exception of
the most underdoped sample (T ∗ = 500K), the temper-
ature dependence of the FAL’s extrapolate to non-zero
values at zero temperature. Thus the conclusion of a
nodal-metal ground state appears to be an artifact of
the scaling analysis that conceals the important detail
shown here in Fig. 1. Further, the zero temperature FAL
reduces with decreasing doping, consistent with our Ra-
man modelling where a zero-temperature FAL roughly
proportional to Tc was found to reproduce the data.
Here we independently determine the Fermi arc length
plot from the electronic entropy as follows. In previ-
ous work[18] we calculated the electronic entropy from
an ARPES-derived energy-momentum dispersion and a
nodal pseudogap model based on the data from Kanigel
et al. Although excellent fits to the normal-state entropy
were obtained, we found it impossible to calculate the
magnitude of the superconducting gap, ∆(T ), self con-
sistently using the BCS gap equation in the presence of
the pseudogap. The fully-nodal “non-states-conserving”
pseudogap model simply removed too many states to pro-
vide a converging solution. As a result, the pseudogap
was left out of the calculation of ∆(T ), a somewhat artifi-
cial solution. We now note that an arc metal pseudogap
model allows the pseudogap to be included in the self-
consistent calculation.
Shown in Fig. 2(a) are normal-state fits made to the
entropy data of Loram et al.[19] using the approach de-
scribed previously[18], but now with an extra parameter
θ0,max that defines the angle to which the pseudogap ex-
tends around the Fermi surface at zero-temperature. The
temperature dependence of the FAL is now given by
θ0(T ) = θ0,max
[
1− tanh
(
T
2T ∗
)]
(1)
The parameters extracted from the fits are shown in
Fig. 2(b) (solid symbols) along with experimentally de-
termined values from the Kanigel data and other ARPES
papers (open symbols). The general agreement is very
good and, importantly, shows the T = 0 Fermi arc an-
gle (arrowed) tending towards 45 degrees as doping de-
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FIG. 2: (Color online) (a) Normal-state fits to the Bi-2212
entropy data of Loram et al. (Ref. [19]) assuming an arc metal
pseudogap model. For clarity every 20th data point only is
shown. (b) Fermi level position EF −EvHs, Fermi arc angle at
T = 0 θ0,max, and pseudogap magnitude Eg extracted from
the fits in (a). Open symbols are experimentally determined
values: θ0,max and Eg is from Ref. [13], while EF − EvHs is
from Refs. [20, 21, 22].
creases. We consider this as a key conclusion. The lo-
cation at which the Fermi arcs collapse to point nodes
coincides with, and provides a natural explanation for,
the disappearance of superconductivity near p = 0.05.
At this point there is no residual Fermi arc or “spectral
weight” available for superconductivity. This in turn im-
plies a continuity of the large-Fermi-surface concept to
low doping and leads us to the issue of “Fermi pock-
ets”, to be discussed soon. This conclusion, namely that
the pseudogap ground state is an arc-metal and the arc
smoothly contracts to the node as doping is reduced to-
wards p ≈ 0.05, is supported in detail by the 1/T1T data
of Zheng et al.[17]. They find a residual non-zero value
of 1/T1T as T → 0 which is progressively reduced to zero
as doping is decreased. Our analysis of their data shows
a quantitatively similar doping dependence of θ0,max to
3that shown in Fig. 2(b). A similar quantitative corre-
spondence can be found with the residual specific heat
coefficient inferred by Wen and Wen[4].
Moreover, an exacting test of the ground state arc
length is also provided by the T -dependence of the super-
fluid density ρs(T ) which, if the Fermi arc continues to
shrink towards the node, would exhibit a downturn at low
temperature[18] that is not observed. In fact, the detailed
T -dependence of ρs(T ) should provide strong constraints
on whether, and by how much the Fermi arcs continue to
shrink below Tc. The c-axis infra-red conductivity σc(ω)
measured by Yu et al.[23] also provides a good guide as to
the evolution of the Fermi arcs below Tc. On cooling be-
low T ∗ these authors find a smooth loss of spectral weight
below the pseudogap energy ωPG which is transfered to
higher energy above the gap. With the onset of super-
conductivity spectral weight below the superconducting
gap is transfered to the ω = 0 superfluid delta function.
In this way both gaps can be clearly identified. Impor-
tantly, below Tc no further weight is transfered above
ωPG and no further loss of spectral weight occurs in the
frequency range between ωSC and ωPG. This places tight
constraints on the degree to which Fermi arcs continue
to shrink below Tc, and certainly indicates they do not
collapse to the nodes.
We turn now to the issue of “Fermi pockets”. A new
development on the subject of Fermi surfaces in under-
doped cuprates is the observation of quantum oscillations
in the Y-123[24] and Y-124[25, 26] systems under very
high magnetic fields (up to 85T). Quantum oscillations
provide a measure of the Fermi surface area via the On-
sager relation, assuming that it is valid in these systems.
The frequencies observed imply small nodal “Fermi pock-
ets” enclosing areas of 1.9% and 2.4% of the Brillouin
zone in YBa2Cu3O6.5 and YBa2Cu4O8 respectively. So
far however, Fermi pockets have not been observed by
ARPES. The two cuprate systems in which quantum
oscillations have been observed to date contain double
CuO2 planes and are further complicated by the pres-
ence of CuO chain layers. ARPES measurements of the
Fermi surfaces of these materials show that they are split
into bonding and antibonding bands[27, 28], due to weak
coupling between the two CuO2 planes. Furthermore,
this so-called bilayer splitting is large and occurs at all
points around the Fermi surface, unlike in Bi-2212 where
the splitting is confined mostly to the antinodes[29].
Using the above information concerning the tempera-
ture dependence of the Fermi arcs, we propose that the
Fermi pockets might be explainable in terms of a pseudo-
gapped bilayer Fermi surface with band hopping under
the high magnetic field. Y-124 has an estimated hole
concentration somewhere between p = 0.125 and 0.14.
Assuming that the pseudogap behaves in a similar fash-
ion to that in Bi-2212, we estimate from Fig. 2(b) that
the Fermi arc extends to about 30◦ at zero temperature.
Fig. 3 shows the bilayer Fermi surface of Y-124 measured
(0,0) (pi,0)
(0,pi)
30°
FIG. 3: The CuO plane Fermi surface of Y-124 determined
by ARPES[27] (solid lines). The area between the bonding
and antibonding band Fermi arcs is approximately 1.8% of the
Brillouin zone. The Fermi surface area inferred from quantum
oscillations experiments is 2.4%.
from ARPES[27] with the pseudogapped regions grayed
out. The chain Fermi surface is not shown. The area
between the bonding and antibonding band Fermi arcs
is approximately 1.8% of the Brillouin zone. From Lut-
tinger’s theorem the number of carriers per copper atom
for four such areas is 0.144. In comparison, the area in-
ferred from quantum oscillations is 2.4%[25, 26]. The cor-
responding carrier concentration is 0.192, larger than the
nominal hole concentration by a factor between 1.3 and
1.5. It is interesting to note that quantum oscillations
measurements on Y-123 also overestimate the carrier con-
centration by a factor of 1.5[24]. The explanation of
Fermi pockets in terms of bonding and antibonding band
Fermi arcs would obviously fail to explain quantum oscil-
lations in a single layer system such as La2−xSrxCuO4.
Such measurements remain to be performed.
We now return to the observations of Valla et al.[14]
which reveal a nodal ground state at p = 1/8. In the
yttrium and bismuth based high-Tc cuprates the isotope
effect in Tc, α(Tc) = −(∆Tc/Tc)/(∆M/M), is small in
overdoped samples, taking values of about 0.06. How-
ever, in the pseudogap regime it rises rapidly, exceeding
0.5 in deeply underdoped samples. Pringle et al.[30] have
described the doping dependence of the isotope effect by
a model in which α(Tc) depends upon the ratio Eg/∆0,
where Eg is the pseudogap magnitude and ∆0 is the to-
tal spectral gap. The superconducting order parameter
∆SC =
√
∆20(k)− E
2
g(k) is reduced by the pseudogap.
In the model, a small isotope effect in the superconduct-
ing gap, ∆SC , becomes amplified by the presence of the
pseudogap. Turning to the isotope effect data for the lan-
thanum based cuprates[31] it is found that, in addition
to the rise with decreasing doping, α(Tc) exhibits a sharp
peak at 1/8th doping. One possible scenario here is that
at this doping, static stripes enhance the pseudogap in
some fashion, thereby resulting in the complete suppres-
4sion of Tc, and a consequent peak in the isotope effect. It
follows that because stripes are unique to this doping we
must treat the observed nodal pseudogap ground state
as an exception rather than the rule across the phase di-
agram. Indeed, if the pseudogap were to be enhanced
at this doping the Fermi arc length may be concurrently
reduced to the nodes, just as it is by reduced doping.
In summary, we have shown that when plotted in terms
of absolute temperature, recent ARPES measurements
show the pseudogap ground state to be an arc metal in
the superconducting region of the phase diagram. This
scenario is consistent with results from Raman spec-
troscopy, specific heat and NMR and we therefore con-
sider our conclusions to be robust. The length of the
Fermi arcs at zero temperature decreases with decreasing
doping, tending to zero near p = 0.05. The total collapse
of the Fermi arcs to point nodes at this doping provides
a natural explanation for the coincident disappearance of
superconductivity. Theories that attempt to reproduce
the nodal scenario are probably misdirected. Lastly we
have proposed an explanation for the Fermi pockets in-
ferred from quantum oscillations measurements in terms
of a pseudogapped bilayer Fermi surface. Regardless of
whether a Fermi arc picture or a Fermi pocket picture
turns out to be the more correct, both scenarios result in
a finite density of states at the Fermi level in the range
of dopings over which superconductivity occurs.
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